We report a new sealant material for solid oxide fuel cells (SOFCs) using glass-ceramic.
Introduction
Solid oxide fuel cells are positioned to play an important role in electrical power generation in the near future be cause they efficiently convert the chemical energy of a fuel by electrochemical oxidation at 800-1000.
They can pro vide the high energy conversion and low pollutant emissions necessary for meeting CO2 reduction targets. The basic unit of an SOFC consists of two porous electrodes (the anode and the cathode) separated by a dense electrolyte. SOFC configurations are generally divided into two types: the planar-type has received more attention due to its high pow er density and inexpensive fabrication route in comparison with the tubular type. Furthermore, the planar cell arrange ment is electrochemically rational and suitable for manufac turing in stacks. When building planar SOFC stacks, the cells are separated from one another by a dense separator which contains channels for fuel and oxidant flow fields.
In practice, gas-sealing technology is critical to the perfor mance of planar-type SOFCs. Gas-tight seals must be formed along the edges of each cell and between the fuel cell stack and gas manifolds. The sealant materials must main tain the gas-tight seal at high operation temperatures and under both highly reducing and oxidizing atmospheres. The chemical stability of these materials as well as their thermal expansion coefficients must also be compatible with the other SOFC components.
In general, melt sealing techniques are used when form ing planar-type SOFCs, because they are expected to pro vide a strong gas-tight seal between SOFC components. Glass1 and glass-ceramic5 materials are commonly used as the sealant materials, but their softening tempera tures are lower than or the same as the operating tempera tures of the SOFCs. This causes difficulties because the melting glass readily reacts with the yttria-stabilized zirco nia (YSZ) electrolytes and lanthanum chromite (LC) sepa rators during operation.)))
A new sealing method, there fore, has to be developed.
The present study reports a sealant which is able to keep the system sealed and retain high viscosity in comparison before and after crystallization was observed by a high tem perature microscope (Leitz). The cubic-shaped bulk sam ples were placed on top of a commercial YSZ plate and their shapes observed at various temperatures. The crystalline phases present in the sealant materials were examined by X ray diffraction (XRD). Thermal expansion data were ob tained with a thermal mechanical analyzer (TMA) using polished bar specimens after crystallization. Heating rate was set at 10/min. Figure 2 shows the arrangement of the sealing test sys tem. The test was carried out at room temperature using air and helium gases. The sealing test piece was prepared as follows. The glass powder was uniaxially pressed into a pellet of 14mm in diameter by applying a pressure of 30 MPa. The 5mm thick pellet was placed on top of a commer cial YSZ pellet of 13mm in diameter and 1mm in thickness. A hole of 3mm in diameter was drilled at the center of the YSZ pellet to examine the sealing behavior of the glass-cer amic. This combined test piece was heated at 200/h (3.3 /min) up to 1100 without loading in order to join the glass-ceramic to the YSZ pellet and allow crystallization of the sealant. The holding time at maximum temperature was 2h and the cooling rate was 200/h (3.3/min). The in terface between the glass-ceramic sealant and YSZ was ob served by a scanning electron microscope (SEM).
2.4 Chemical stabilities Specimens for testing chemical stability were prepared as follows. The glass powder was uniaxially pressed into pellet using similar conditions to those described in Section 2.3.
One pellet each was then placed on top of the commercial YSZ and LC pellets. These test stacks were heated at 1100 for 2h without loading to allow joining and crystallization of the glass-ceramic. Heating and cooling rates were 200/ h (3.3/min).
The test pieces were further annealed at 1100 for 500h. The test bonds before and after annealing were embedded in epoxy resin and finely polished to ob serve the interface. The reactivity at the interface was eval uated using an electron probe microanalyzer (EPMA).
Results and discussion
The physical properties of the glass-ceramic are listed in Table 1 . Softening and crystallization temperatures of the glass were 750 and 1020, respectively. Partial crystalli zation of the glass to form the glass-ceramic resulted in an increased softening temperature of 1160. Figure 3 shows observations using the high temperature microscope of the glass material before crystallization at various temperatures. The shape began to deform at 900, as seen in Fig. 3 (b) . This behavior is as-expected, since the softening temperature of the glass is about 750. This state corresponds to the schematic shown in Fig. 1 (b) and it is expected that at this temperature the glass will start to bond to the YSZ plate. Next, the interfacial energy of the glass decreased at 1000 to a level sufficient for the glass to wet the YSZ pellet and form a seal. Crystallization started at about 1020; hence the shape of the glass pellet at 1100 is not significant by different from that at 1000. After heat treatment of 1100 for 2h, the main crystalline phases em bedded in the residual glass were anorthite (CaAl2Si2O8) and wollastonite (CaSi3 Heating-microscope observations of the glass-ceramic af ter crystallization at various temperatures are shown in Fig. 4 . No deformation of the glass-ceramic can be seen in Fig. 4 (b) , although the original glass softened at 900. As shown in Fig. 4(d) , the glass-ceramic maintained its shape even at 1100, since its softening is about 1160. There fore, the glass-ceramic material is able to seal the system while remaining in an essentially solid state during opera tion of the SOFCs. This sealing method is expected to sup press reaction of the sealant with the SOFC components, be cause the high viscosity sealants seem to have superior stability than those with low viscosities. Figure 5 shows results of the sealing test for the glass-ce ramic material. After heat treatment at 1100 for 2h, the sealant material was well joined to the YSZ pellet. It was confirmed that the glass-ceramic material provides good sealing behavior, because no decrease in pressure caused by a gas leak was observed. Fig. 7(a) , the interface between the glass-ceramic and YSZ after join ing at 1100 for 2h is clean and free of any reaction products. It has been reported that silica reacts with YSZ to form ZrSiO4 when using Pyrex glass as a sealant material.8) In the case of the CaO-A23-Si2 glass-ceramic, however, the diffusion of Si into the YSZ pellet was not observed and the condition of the interface was unchanged even after an nealing at 1100 for 500h, as shown in Fig. 7 (b) . There fore, it can be confirmed that this sealant material possesses good chemical stability in contact with the YSZ electrolyte. It should be noted, however, that a difference in Si concen tration in the glass-ceramic was observed. This is caused by nucleation of the crystalline phases.
Results of chemical stability tests for the glass-ceramic sealant bonded with LC is shown in Fig. 8 . Although the glass-ceramic was well connected to the LC pellet, the inter face after annealing at 1100 for 500h was as clean as that before annealing. Horita et al.8) reported that the silica in Pyrex glass easily reacts with LC to form calcium silicates, lanthanum silicates, and chromium oxides at the reaction zone. In contrast, diffusion of Si in the CaO-A23-i2 glass-ceramic into LC and precipitation of Cr at the interface were not observed in this study even after annealing. The chemical stability of silica with the SOFC components seems to be influenced by its viscosity. Horita et a10 also reported that a-quartz did not react with LC at 1000, although the silica in Pyrex glass easily reacted with LC. The softening temperature of a-quartz (over 1600) is much higher than that of Pyrex glass (about 930).11) Therefore, it is predicted that the stability of the sealatnt material is improved by increasing the viscosity of the silica phase. The softening temperature of the residual glass in the CaO-A23-i2 glass-ceramic after crystallization (about 1160) used here was also higher than that of Pyrex glass, Therefore, it is concluded that the high viscosity of the glass-ceramic depressed the reaction between the sealant and SOFC components.
The thermal expansion behavior of the glass-ceramic sealant after crystallization is given in Fig. 9 . A small amount of deformation was observed at about 700, which is attributed to the glass transition of the residual glass. The average thermal expansion coefficient was 7.710-6/, which is a little lower than those for the SOFC components (9.5-11.010-6/).
The matching of thermal expansion behavior with the SOFC components is one of the most im portant factors when assessing the suitability of sealing materials for use in SOFCs. Modification of the thermal ex pansion behavior of the glass-ceramic sealant is in progress. Preliminary results suggest that addition of ceramics such as YSZ is effective in increasing the thermal expansion coefficient of the sealant materials. Fig. 9 . Thermal expansion behavior of the glass-ceramic sealant after crystallization.
4.
Conclusion A glass-ceramic based on the CaO-A23-i2 system was used as the sealant material in an SOFC. The glass was formed in the area to be sealed, and subsequently softened and joined to the SOFC components during heating. At higher temperatures, bulk crystallization occurred and the viscosity of the resulting glass-ceramic increased according ly. This phenomenon enabled the glass-ceramic to remain solid-like state and impermeable to gases under conditions similar to those experienced conditions during SOFC opera tion. Consequently, this new sealant material provided a good gas-tight seal and chemical stability to the YSZ electro lytes and LC separators.
